Abstract In large-scale microalgal production in tubular photobioreactors, the build-up of O 2 along the tubes is one of the major bottlenecks to obtain high productivities. Oxygen inhibits the growth, since it competes with carbon dioxide for the Rubisco enzyme involved in the CO 2 fixation to generate biomass. The effect of oxygen on growth of Nannochloropsis sp. was experimentally determined in a fully controlled flat-panel photobioreactor operated in turbidostat mode using an incident photon flux density of 100 μmol photons m ) upon increasing the oxygen concentration from 20% to 75% air saturation. Upon further increasing the oxygen concentration, however, a linear decrease in specific growth rate was observed, ranging from 0.48±0.40 day −1 at a dissolved oxygen concentration of 75% air saturation to 0.18±0.01 day −1 at 250% air saturation. In vitro data on isolated Rubisco were used to predict the quantum yield at different oxygen concentrations in the medium. The predicted decrease in quantum yield matches well with the observed decrease that was measured in vivo. These results indicate that the effect of oxygen on growth of Nannochloropsis sp. at low light intensity is only due to competitive inhibition of the Rubisco enzyme. At these sub-saturating light conditions, the presence of high concentrations of oxygen in the medium induced slightly higher carotenoid content, but the increased levels of this protective antioxidant did not diminish the growth-inhibiting effects of oxygen on the Rubisco.
oxygen concentration as variable parameter. The dissolved oxygen concentration was varied from 20 to 250% air saturation. Results showed that there was no clear effect of oxygen concentration on specific growth rate (mean of 0.48± 0.40 day −1 ) upon increasing the oxygen concentration from 20% to 75% air saturation. Upon further increasing the oxygen concentration, however, a linear decrease in specific growth rate was observed, ranging from 0.48±0.40 day −1 at a dissolved oxygen concentration of 75% air saturation to 0.18±0.01 day −1 at 250% air saturation. In vitro data on isolated Rubisco were used to predict the quantum yield at different oxygen concentrations in the medium. The predicted decrease in quantum yield matches well with the observed decrease that was measured in vivo. These results indicate that the effect of oxygen on growth of Nannochloropsis sp. at low light intensity is only due to competitive inhibition of the Rubisco enzyme. At these sub-saturating light conditions, the presence of high concentrations of oxygen in the medium induced slightly higher carotenoid
Introduction
For large-scale cultivation of Nannochloropsis sp., tubular photobioreactor systems have been developed Richmond and Cheng-Wu 2001; Chini Zittelli et al. 1999 , 2003 Zou and Richmond 1999) . In these photobioreactors, however, accumulation of oxygen is one of the major problems, since it inhibits the growth of microalgae (Molina Grima et al. 2001; Livansky 1996; Ogawa et al. 1980; Pulz 2001; Vonshak et al. 1996; Weissman and Goebel 1988) . There are two mechanisms largely responsible for the deleterious effects on growth of the microalgae: the competitive effect of O 2 on Rubisco (photorespiration) and photo-inhibition which causes cell damage of photosystem II by the generation of reactive oxygen species (ROS; Ohnishi et al. 2005) . Photorespiration only takes place during the dark reaction of photosynthesis and is thus independent of the light conditions used, while the ROS are formed if the algae receive excessive amounts of light in the light reaction of the photosynthesis.
In this study, we will focus only on the photorespiration reaction as we work at a low irradiance of 100 μmol photons m −2 s −1
2005; Livansky 1996; McMinn et al. 2005; Ogawa et al. 1980; Ugwu et al. 2007 ; Kliphuis et al. 2011) . In hardly any of the reported studies, however, the effect of O 2 was measured as independent parameter at controlled conditions of light intensity, pH, temperature, and biomass concentration. The effects on growth therefore often reflect a combined effect of light and oxygen on photosynthesis. In addition, up till now quantification of the direct effect of oxygen on in vivo growth and productivity of Nannochloropsis sp. has never been performed. In our study, the effects of oxygen levels on the growth of Nannochloropsis sp. have been determined in a flat-panel photobioreactor operating in turbidostat mode to ensure controlled conditions of sub-saturating light, pH, temperature, and mixing. These in vivo growth rates of Nannochloropsis sp. at the different oxygen concentrations are compared with the growth rates, predicted using the in vitro kinetic parameters as determined by Tchernov et al. (2008) for isolated Rubisco from this species.
Materials and methods
Nannochloropsis sp. (CCAP 211/78) was pre-cultured in an incubator (100 rpm), provided with a light-dark cycle of 18:6 h and a light intensity of 41 μmol photons m −2 s −1 at pH 7.8 and with 2% of CO 2 -enriched air for 1 week before inoculation of the flat-panel photobioreactor. Modified Zou medium was used to pre-culture and grow Nannochloropsis sp. (Table 1) . Stock solutions of the trace elements, Fe-EDTA, as well as the phosphate buffer solution were autoclaved separately and kept at 4°C. The medium was filter-sterilized using a 0.2-μm filter, and after adding the other stock solutions (phosphate, iron-EDTA), the pH was adjusted using NaOH or HCl.
Cultivation of the algae in the flat-panel photobioreactor
To measure the effect of oxygen at controlled light and culture conditions, a flat-panel photobioreactor with culture volume of 1.5 L and a light path of 2.8 cm was used. Constant and homogeneous illumination at wavelength 637 nm was provided by a red-light emitting diode (PSIPhoton Systems Instruments, Czech Republic). After inoculation, the algae were allowed to grow batchwise for 9 days at controlled pH (pH 7.8) and temperature (25°C) and a total gas flow rate of 0.5 LL −1 min −1 using an average irradiance of 100 μmol photons m −2 s −1 . The irradiance at the back of the flat-panel photobioreactor was set at 12 μmol photons m −2 s −1 using a light sensor that was connected to a control unit. This unit controlled the medium in-and outflow pumps to set the turbidity. When the light intensity at the back reached 12 μmol photons m −2 s −1 , the photobioreactor was switched into turbidostat mode and was operated for 6 days at a dissolved oxygen (DO) concentration corresponding to 100% air saturation to allow the cells to adjust to turbidostat operation conditions and continuous illumination. A photosynthesis versus irradiance (PE) curve was measured for cells adapted to these light conditions and an oxygen concentration of 100% air saturation. Net photosynthesis rate was measured as oxygen evolution in a Liquid-Phase Oxygen Electrode Chamber (Hansatech, DW3) equipped with an oxygen control electrode unit (Hansatech, Oxy-lab) at 25°C. Light is supplied via a red LED light source (Hansatech LH36/2R) with wave length of 637 nm. The PE curve ( Fig. 1 ) confirmed that the algae During all runs, possible foam formation was controlled by an automatic foam control unit. Before entering the flatpanel photobioreactor, the incoming gas flow was humidified and the outgoing gas flow was led through a condenser to prevent loss of the medium by evaporation. The medium bottle was connected with a bag containing CO 2 to compensate for possible pH fluctuations during the turbidostat run. In the medium, 20 mM urea was used as nitrogen source to ensure no pH fluctuations occur due to utilization of the N-source.
The oxygen concentration during the turbidostat operation was monitored by a DO sensor (Applisens DO sensor) and controlled by adjusting the concentration of oxygen in the incoming gas flow, while the total gas flow (O 2 mixed with pure N 2 and pure CO 2 ) was kept constant at 0.5 L L −1 min −1 . It was subsequently set for 4 days at 75, 50, and 25% air saturation and at no additional O 2 . A 2-day time interval was used to allow for adaptation of the algae to the new O 2 concentration before samples were taken. A second and third run were performed to test the effects of 125, 150, 175, 200, and 250% air saturation. After the run at 250%, the oxygen concentration was increased to 300%. After 1 day at 300% air saturation, however, the cells became pale, indicating that they lost chlorophyll, and a sudden increase in the OD 680 /OD 530 ratio indicated that contamination of the culture by bacteria occurred.
Biomass concentration and dry weight
Samples of approximately 100 mL were taken aseptically each day during the subsequent turbidostat runs for off-line measurement of the biomass concentration and determination of the dry weight. The algal biomass concentration was monitored by the optical density at 530 nm (OD 530 ) and 680 nm (OD 680 ). The ratio OD 680 /OD 530 was used as an indicator for the amount of chlorophyll per amount of biomass and as an indicator for possible contamination. In addition, the biomass dry weight concentration was determined by filtering samples (in triplicate) of the algal culture using pre-weight glass microfiber filters (Whatman). The algae were washed three times with ammonium formate (0.5 M) to remove the precipitated salts and other non-organic substances and dried at 105°C for 24 h, cooled overnight over silica gel in a desiccator, and weighed. In addition, the cell numbers and the distribution in the cell size were determined in a Coulter counter (Beckman Multisizer 3™, USA).
Elemental composition and pigment content
To assess possible effects of oxygen on the algal biomass composition, the elemental composition is determined for the algal cells growing at 100 and at 300% air saturation. Liquid samples were centrifuged for 10 min at a 1,750 rfc. The pellets were washed three times with de-mineralized water and re-suspended and centrifuged again. The remaining algae pellets were stored at −20°C. The frozen pellets were weighted and freeze-dried and ground to fine powder before further analysis of the biomass composition and moisture content. The C, H, and N contents of the freezedried samples of the algae growing at 100 and 300% oxygen were measured at 925°C in the oven of an elemental analyzer (EA 1110, ThermoQuest CE Instruments). Ash content was determined by burning the freezedried algae samples in an oven at 550°C, to oxidize all organic material, leaving the ash residue. From these determinations, the oxygen (O) content and subsequently the elemental composition of the algae could be calculated (C, H, O, N, and ash; Duboc et al. 1999) . Possible changes in pigment content due to increased oxygen concentrations were monitored by measuring the absorbance PAR spectrum (400-700 nm; Avants fibre optic spectrometer, The Netherlands). Based on the spectra, the ratio in carotenoid and chlorophyll content in the samples is determined from the absorption at 490 nm and 680 nm.
Specific growth rate and quantum yield
During the turbidostat operation, the specific growth rate of the algae (μ) was determined from the dilution rate. For this the medium output per liquid volume of reactor was weighted and recorded every minute.
The specific growth rate was used to calculate the biomass yield (Y x,ph ) on light energy, which is defined as the amount of biomass (grams dry weight) produced per mole photon absorbed in the PAR range:
where μ is the specific growth rate (day −1 ), V is culture volume of photobioreactor (m 3 ), C x is the biomass concentration (g dw m −3 ), A is the illuminated area (m 2 ), and ΔPFD (moles photons m −2 day −1 ) is the difference in incident photon flux density (PFD) and the PFD measured at the back of the flat panel.
The quantum yield (QY; mol CO 2 fixed/mole photon absorbed) is defined as
where M wx is the molar mass of the biomass (g dw/C-mole biomass) and Y CO2,x is the amount of carbon dioxide needed to form one C-mole of biomass (mole CO 2 /C-mole biomass).
Results

Growth at controlled oxygen conditions
A typical growth curve of Nannochloropsis sp. during a run in the 1.5-L flat-panel photobioreactor at different DO concentration is presented in Fig. 2 . It shows that the algal cells were allowed to grow batchwise until an optical density OD 530 of 1.5 was reached. After that, the turbidostat operation started and the cells were allowed to adjust for 3 days to the set oxygen concentration of 100% air saturation and off-line samples were taken during three subsequent days. This procedure was repeated for each tested oxygen concentration. The OD 680 / OD 530 ratio remained constant at the tested oxygen concentrations, which indicates that the algal cells were healthy and no contamination by other microorganisms took place. Figure 3 shows the specific growth rate of the algae growing at sub-saturating light conditions with varying oxygen concentration from 20% to 250% air saturation. Upon increasing oxygen concentration from 20 to 75% air saturation, no clear effect of oxygen on specific growth rate is observed and the growth rate showed a mean average value of 0.48±0.40 day −1 . Upon further increase of the oxygen concentration, the specific growth rate of Nannochloropsis sp. linearly decreases (R 2 =0.95) from 0.49±0.10 day −1 at DO of 75% air saturation to 0.18± 0.01 day −1 at DO of 250% air saturation. This decrease in specific growth rate can be solely attributed to the effects of oxygen, since all other conditions in the culture were kept constant.
Effects of oxygen concentration on cell concentration and cell composition
Off-line measurements of the cell concentration (cells mL −1 ) and the cell dry weight (g L −1 ) showed a small increase (Table 3) , while total absorption area remained virtually constant at 0.10 m 2 L −1 in all experiments. This indicates that the biomass content per cell might have changed, but no change in light absorption characteristics occurred as an effect of changing oxygen concentrations. The ratio in carotenoid and chlorophyll content of the algae at different oxygen concentration again shows little effect of increased oxygen levels (Fig. 4) . The ratio remained constant up to an oxygen concentration of 200% air saturation and only a slightly higher ratio was observed at 250% air saturation. Also the elemental composition of the algae remained virtually the same ( 
Discussion
Quantification of the effects of oxygen concentration on specific growth rate Upon increasing the oxygen concentration from 20 to 75% air saturation the specific growth rate seems hardly affected by the oxygen concentration (Fig. 3) . However, the specific growth rate decreases linearly with oxygen concentrations ranging from 75 to 250% air saturation. Similar effects of oxygen on the specific growth rate of microalgae were (Vonshak et al. 1996) , Chlorella sorokiniana (Ugwu et al. 2007 ), Euglena gracilis (Kitaya et al. 2005) , and for microalgae present in the sea ice community (McMinn et al. 2005) . In most of these studies, the increase in oxygen concentration is claimed to be the major cause for inhibition the growth of the microalgae, but the effects of oxygen where mainly measured while changing the light, temperature, and other culture conditions at the same time. Among the varying medium conditions, especially the pH is one of the parameters that directly affects the specific growth rate. In our experiment, the pH is controlled via CO 2 supply and this result in a constant concentration of CO 2 in the medium at all oxygen concentrations applied. This was also the case in the recent study of Kliphuis et al. (2011) , who studied the effects of oxygen on the growth of Chlamydomonas reinhardtii. They measured the growth rate at two different oxygen concentrations with oxygen as sole varying medium parameter and also found that the growth rate decreased with the increasing oxygen concentration (Kliphuis et al. 2011) .
The specific growth rates of Nannochloropsis sp. measured at oxygen concentrations below 100% show a relatively high standard deviation, and it is not clear if the specific growth rate is indeed constant or decreasing with the oxygen concentration at these low applied O 2 concentrations. One should realize that the in vivo growth data always reflect the balance of the physical and many cellular processes in which oxygen participates. Especially for low oxygen concentrations in the medium, it is very possible that the local concentration of oxygen at the Rubisco site is relatively high due to the photosynthesis activity of the cells. If the controlled oxygen concentration in the medium is lower than the oxygen concentration at the Rubisco site, the oxygen formed will diffuse from the cells into the medium and this will result in a constant specific growth rate at the lower oxygen concentrations. At higher oxygen concentrations in the medium, the oxygen will diffuse from the high concentration, through the cell membrane, to the Rubisco site with the relative lower oxygen concentration. At the Rubisco site, the local CO 2 and O 2 concentrations will determine the balance between carboxylation (photosynthesis) and oxygenation (photorespiration).
Our results at oxygen concentrations above 75% air saturation prove that indeed an increase in oxygen concentration at constant CO 2 concentration in the medium leads to a linearly decrease (R 2 =0.95) of the specific growth rate of Nannochloropsis sp. at low light intensity. An increase in oxygen concentration from 75% to 250% air saturation results in a decrease of the specific growth rate of the algae from 0.48±0.40 day −1 to 0.18±0.01 day −1 .
Prediction of the ratio between carboxylation and oxygenation using in vitro data
In the dark reaction of the photosynthesis, the enzyme Rubisco shows carboxylase activity and is thus responsible for fixation of CO 2 . The carboxylase activity of Rubisco follows Michaelis-Menten kinetics taking into account the competitive inhibition by oxygen (Tchernov et al. 2008) .
where v c and v cmax represent the activity and maximum activity of the carboxylation reaction, respectively, while K mc and K mo represents the Michaelis-Menten constant of the Rubisco for CO 2 and O 2 . In the presence of oxygen, the enzyme Rubisco shows oxygenase activity, which suffers from competitive inhibition by CO 2 . The oxygenase activity can be described by where v o and v omax are the activity and maximum activity of the oxygenation reaction. The rates of the carboxylation and oxygenation reaction can be combined, to deduce that the ratio between both reactions linearly decreases with the ratio of CO 2 and O 2 concentration in the vicinity of the Rubisco enzyme:
Tchernov et al. (2008) for isolated Nannochloropsis sp. and the measured concentrations of dissolved oxygen and carbon dioxide in the medium, we were able to predict the ratio between carboxylation and oxygenation reaction. The carbon dioxide concentration in the medium is calculated using Henry's law with the Henry coefficient of 161.3 MPa for pure CO 2 in water of 298 K. The solubility of CO 2 in the aqueous modified Zou medium (Table 1) corresponds with 0.37% CO 2 in the gas phase that is used to keep the pH in the medium at 7.8. The pKa value for CO 2 in water at 298 K is corrected for the temperature and for the ions that were present in the modified Zou medium according to Stumm and Morgan (1995) , resulting in pKa= 6.16, and this indicates that most of the CO 2 is present in the form of HCO 3 − . The resulting CO 2 concentration in the liquid is 97.7 μM. The oxygen concentration in the medium is also calculated using Henry's law with the Henry coefficient for O 2 corrected for temperature and effects of solutes in the Zou medium (van't Riet and Tramper 1991). The concentration of O 2 in the modified Zou medium at 100% air saturation is calculated to be 24.3 mM.
Prediction of the quantum yield from the ratio between carboxylation and oxygenation
The ratio between the carboxylation and oxygenation is used to predict the maximum possible QY at the different oxygen concentrations used in the experiments. Foyer et al. 2009) provides an overview of the reactions involved in photorespiration. In this figure, the number of CO 2 molecules converted in the carboxylation reaction catalyzed by the Rubisco enzyme is depicted by v c . Each mole of CO 2 used to convert the ribulose biphosphate (RuBP) generates one mole of oxygen, and if v c CO 2 molecules are fixed in this carboxylation reaction, 8×v c photons s -1 are needed. In the absence of oxygen (Fig. 5 , left hand side), theoretically no photorespiration takes place and at maximum eight photons are required to fix one mole of carbon dioxide while one mole of oxygen is released (Foyer et al. 2009; Tredici 2010; Wingler et al. 2009 ). The number of CO 2 molecules fixed (or oxygen evolved) per photon can be defined as the quantum yield. The theoretical maximum quantum yield is thus 0.125 mol CO 2 fixed (or oxygen evolved) mol Comparison of in vivo quantum yields with predicted yields using in vitro data
In Fig. 6 , the quantum yield calculated from the in vivo experiments is compared with the quantum yield that is predicted based on the in vitro experimental data. These results show that in both cases, the quantum yield decreases linearly with an increase in oxygen concentration in the medium. The calculated values for the in vivo quantum yields are lower than the predicted values for isolated Rubisco, as expected. The model predicts the maximal possible photo- Fig. 6 The effect of oxygen concentration on the in vivo quantum yield of Nannochloropsis sp. measured at an irradiance of 100 μmol photons m −2 s −1 and compared with predicted quantum yields based on in vitro data on the kinetics for carboxylation and oxygenation of Rubisco isolated from Nannochloropsis sp. (Tchernov et al. 2008) Dissolved oxygen (% air saturation) Table 3 Off-line measurements of oxygen effects on growth of Nannochloropsis sp. at different oxygen concentrations synthetic yield and assumes that all photons absorbed are directed to the photosynthesis and photorespiration reactions. In vivo part of the light is scattered by the cells and lost by diffusion, and the ATP and NADPH formed are not only used for growth but also for maintenance and therefore much lower quantum yields are found in reality. In addition, the model is based on data from in vitro experiments on the Rubisco, so it predicts the oxygenase and carboxylase activity of the Rubisco using the dissolved O 2 and CO 2 concentration in the medium. The surplus of ions in the hypertonic cellular medium affects the solubility of CO 2 more than it affects the solubility of oxygen (Stumm and Morgan 1995; Van't Riet and Tramper 1991) . The CO 2 /O 2 ratio at the Rubisco in the living cells will thus be lower than in the medium, resulting in a lower ratio between the carboxylation/oxygenation and thus in lower in vivo quantum yields.
To compare the observed quantum yields QY (mole of CO 2 fixed per mole of absorbed photons) with reported quantum yields of Nannochloropsis sp. (Chini Zittelli et al. 1999 Zittelli et al. 1999) . The decrease in quantum yields with increasing oxygen concentration is similar to the decrease that is predicted, based on the selectivity of the isolated Rubisco. The slope of both curves is virtually the same (8×10 −5 for the predicted values versus 9×10 −5 for the measured values).
The similarity in slope strongly indicates that oxygen mainly affects the carboxylase and oxygenase activity of Rubisco at these sub-saturating light conditions. This linear decrease in quantum yield is also observed for P. tricornutum (Molina Grima et al. 2001) , for S. platensis (Vonshak et al. 1996) , C. sorokiniana (Ugwu et al. 2007) , and for E. gracilis (Kitaya et al. 2005 ) growing at controlled sub-saturating light conditions at oxygen concentrations starting at 100% air saturation. The decrease in quantum yield of S. platensis (Vonshak et al. 1996) and C. sorokiniana (Ugwu et al. 2007 ) proved to be accompanied by a gradual decrease in the ratio between variable and maximum fluorescence. This indicates that higher oxygen concentrations cause destruction of the chlorophyll via photo-oxidative inhibition. Similar effects are also observed in our experiments but only at an oxygen concentration of 250% air saturation. At this concentration the carotene/ chlorophyll ratio increases (Fig. 4) indicating that a surplus of carotenoids is formed or that the chlorophyll is damaged at higher oxygen concentrations. The higher cell density and cell dry weight observed (Table 3) indicate towards extra formation of carotenoids, to protect the cells against photo-oxidative damage of the chlorophyll.
Conclusion
The effects of oxygen on growth of Nannochloropsis sp. at low irradiance have been determined at controlled culture and light conditions. An increase of the oxygen concentration from 20 to 75% air saturation showed no obvious effect of oxygen concentration on specific growth rate. A linear decline in the specific growth rate and quantum yield was found when oxygen concentration increased from 75% to 250% air saturation. Our findings indicate that at the subsaturating light conditions used, the oxygen as such mainly affects the carboxylation/oxygenation ratio of the Rubisco and hardly influences the growth rate c.q. quantum yield via other photo-oxidative stress reactions.
To improve the productivity of Nannochloropsis sp. in large-scale closed tubular photobioreactors, the oxygen level needs to be controlled. As light and O 2 simultaneously influence the photosynthesis, we need to further investigate synergetic effects of high irradiance and oxygen on growth for optimization of productivity in the closed photobioreactors.
